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ABSTRACT

This report covers in detail the solid state refearth work of the Solid

State Division at Lincoln Laboratory for the period I November 1979

through 31 January 1990. The topics covered a-e Solid State Device
Research, Quantum Electronics, Materials Rese.rch, Microelec-

tronics, and Analog Device Technology. Funding is primarily pro-

vided by the Air Force, with additional support provided by the Army.

DARPA, Navy, NASA, NSF, and DOE.
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INTRODUCTION

I. SOLID STATE DEVICE RESEARCH

Substantial reduction in the surface component of the dark current in GaInAsP/InP

avalanche photodiodes has been achieved by the application of new surface passiv-

ation techniques. Leakage current densities as low as 4 x 10 "6 A/cm2 at half the

breakdown voltage have been achieved.

CW operation vt temperatures up to 55°C has been achieved for GaInAsP/InP double-

heterostructure (DH) lasers emitting at 1.5 Wxn, which were grown without a GaInAsP

buffer layer. These devices are of interest for use as sources in fiber optics com-

munications systems, since the lowest transmission loss reported for fused-silica

optical fibers occurs at 1.55 xn.

The electrical characteristics of InP ion implanted with Sn, Ge, Si, and C have been

investigated. All of these column-TV elements yielded n-type conductivity and Sn, Ge,

and Si silowed high electrical activation; however, implanted C was found to have a

net electrical activation of only about 5 percent.

The growth-t ujperature dependence of the GaInAsP/InP lattice mismatch has been

measured over a wide rt..,e of quaternary compositions. Smooth GaInAsP layers

have been grown directly on InP substrates without an InP buffer layer; however, the

use of an InP layer results in a smooth GaInAsP/InP interface, which is needed for

DII lasers.

It. QUANTUM ELECTRONICS

Fluorescence lifetime and fluorescence spectra have been studied for several tran-

sition metal systems in which laser action either has been obtained or may be possi-

ble. The results of lifetime vs temperature measurements indicate the potential for
room-temperature last.., opc,,ation in Ni:CaY Mg2Ge 0t (CAMGAR) and the limita-
tion of lasing in V:MgF 2 to below 200 K.

Schottky diode mixer operation has been demonstrated at 30-THz carrier frequencies.

Using isotopic CO 2 lasers, beats were observed to 15.6 GHz. Experiments are under

way at higher frequencies which should further clarify the mixing mechanism.

II1. MATEIALS RESEARCH

Conversion efficiencies exceeding 13 percent at AMI and open-circuit voltages ap-

proaching 0.9 V have been achieved for GaAs homojurnction solar cells grown by

chemical vapor deposition on large-grained GaAs substrates. These values, the

highest so far reported for polycrystalline GaAs cells, were obtained by using a new

passivation method that involves electroplating Sn on the GaAs surface and subse-

quent heat treatment.
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Homojunction nP solar cells with conversion efficiencies up to 15 percent at AM1,
the highest value& reported for InP cells of any type, have been fabricated on single-

crystal InP substrates. The cells incorporate an n+/p/p structure prepared by

liquid-phase epitaxy ana an antireflection coating formed by anodic oxidation of the

n+ surface.

With the objective of developing a method for preparing low-cost Ge substrates for

GaAs solar cells, an optical transmission technique has been used to measure the
crystallization front velocity during scanned laser crystallization of amorphous Ge
films. The measured velocities range from 146 to 260 cm/sec, compared with the

laser scanning velocity of 0.5 cm/sec.

IV. MICROELECTRONICS

Quantitative measurements have been made of the orientation, texture, and sheet re-
sistivity of silicon films grown by graphoepitaxy on fused-silica substrates. On 3.8-p1m

spatial-period surface gratings the[ 00] directions are parallel to the grating to within

*15* and perpendicular to the substrate surface to within ±1.5%. The sheet resistivity

of silicon films 0.5-urm thick doped with phosphorus v',s 2.5 times larger than that
measured for silicon wafers with similar doping used for controls.

The mixing action in a SAW aocumulating correlator with CCD readout has been deter-
mined to occur in the varactor-like nonlinearity of the drain region of the sampling-

finger bias transistors. The accumulation of the mixing product takes place in an RC
integrator formed by the resistance of the nearly pinched-off transfer channel and the

capacitance of the CCD W, well.

A multiplying digital-t. -analog converter of novel design, which uses capacitance-

weighted CCD inputs, has been implemented using buried-channel CCD techniques.

The device has been used to D/A convert 8-bit words at a 10-MHz digital-word data
rate. The device can be integrated on-chip with CCD signal-processing devices and
will accept digital inputs directly from a TTL source with no TTLJ-to-MOS buffer.

Tho-phase GaAs CCDs have been fabricated which utilize an etched step to create tLe

necessary potential barrier under each gate. Shadow evaporation is usen to form sub-
micrometer gaps between the electrodes without photolithography. Thu CCDs ex-

hibited 0.993 transfer efficiencies with uniphase clocking at frequencies up to 10 MHz.

The underlying physical events which govern transport properties 1i devices oper,'ted

at high frequencies or with submicrometer dimensions have been identified and for-

mulated for use in device modeling. For devices where the basic frequency linita-

tions are RC in nature, a high mobility and hence long momentum-lelaxation time is
required. However, in transferred electron and IMPATT devices the high-frequency

performance will be enhanced when the energy relaxation time is short, which implies

lower mobility.
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V. ANALOG DEVICE TECHNOLOGY

A satellite-borne chirp-Fourier-transform system for efficient demodulation of

frequency-shift-keyed uplink signals has been developed. This system exploits the ca-

pabilities of four SAW reflective-array compressors to implement a pair of convAVC,-

multiply-convolve chirp-transform circuits which are compact and low-power. The

system allows the continuous demodulation of high-data-rate communications from

100 simultaneous users with a minimum of intersymbol interference.

The performance, of gap-coupled acoustoelectric convolvers has been extended to

200-MHz bandwidth and 2400 time-bandwidth product. This structure is very rugged,

as has recently been demonstrated by an extensive series of shock and vibration tests.

Projections are made of the limits to which matched filter performance may be ex-

tended with this convolver technology.
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I. SOLID STATE DEVICE RESEARCH

A. SURFACE PASSIVATION OF GaInAsP/InP AVALANCHE PHOTODIODES

Substantial reduction in the surface component of the dark current in GalnAsP/InP avalanche

photodiodes has been achieved by the application of new surfqce passivation techniques. Two

previously described mesa structures were investigated, one with t;:, p-n junction located in the

GalnAsP (Ref. 1) and the other with the p-n junction in the InP but the carrier generation taking

place in the GaInAsP (Ref.Z). Different techniques were found tu he optimum for each structure.

Since Si3N 4 has been used successfully to passivate p+ InP avalanche photodiodes, a Si3N 4

film, -900 A thick, was Initialiy used1 as passivation for the devices with the junction in the InP.

Reasonably low leakage current densities (-3 X 10"5 A/cm at 1/2 Vb is the breakdown voltage)

could be obtained this way; however, a marked degradation in device performance was observed I

when the devices were exposed to high humidity or sustained high bias (~0.Q V for -I min.).

The sensitivity to atmospheric moisture could be reduced simply by adding a layer of fully ttired

photoresist (PR) to the Si 3 N4 -covered devices. The marked increase in leakage current (sore-

times as high as 30 percent) observed with sustained bias, on the other hand. was not eliminated

and made it necessary to investigate other passivation schemes. The most successful of these'

was the application of a polyimide (PI) film- (5 to 8 tim thick) directly over the freshly etched

mesas. The PI film was deposited and patterned using standard photolithographic techniques

and was imidized by baking at 1200 and 200'( for 1 hr each. Further baking or higher tempera-

tures resulted in degraded device characteristics, possibly due to impurity diffusion. When thte

above procedures were used, the PI-passivated deviLs exhibited no current increase with sus-

tained bias. Leakage current densities as low as 3 x 10-7 A/cmr2 at 1/2 Vb were observed.

Devices of the second type, with the p-n junction in the GalnAs I layer, exhibited high leak-

age currents not only when uncoated, but also when passi\ated with Si 3 N4 or P1. The surf'ace-

related nature of the leakage currt .is was confirmed by testing the uncoated devices in several

gaseous environments (Oz. Ni 4 Oll. S1.V6 ). In particular. when tested in an SF'6 atmospherc t

the devices showed a dramatic improvement in performance, exhibiting low leakage current and

sharp breakdown. This might be attri'uted to the high electron affinity of S' 6 . which helps re-

duce excess surface charge, and to its igh dielectric constant, which helps prevent fringing

fields at the exposed junction. lnlfortunately these effects disappeared when the device was re-

moved from the SF6 ambient.

In a separate experiment it had been observed that when Pll was applied immediately -ifter
etching the mesas, the device characteristics were similar to those exhibited in the SI" atmo-

sphere. Based upon these two observations, a method was developed in which S1,' was used as

the propellant gas for I'll spraying., producing a surface coating that combines all the advantages
of the PR passivation with those of the SlF 6 ambient, but permits the operation of the device In

air. Devices passivated in this manner exhibited current densities as low as -4 x 10-6 A/cm 2

at 1/2 V). Figure 1-1 shows the reverse I-V characteristics of a device before and after Ias!i-

vation with Sl'(,-propelled Il. The passtvation effects were reversible upon reniova, and

D DuPont 11-255 polyimide coating for semiconductor fabrication.
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Fig. l-1. Reve.'se I-V characteristics for p+-InP/n-Q n -lnP:
(a) before SF 6 -propelled PR passivation; (b) after SF'6 -propelled
PR pasivation.

reapplication of the SF -propelled PR layer. The presence of the PR layer was found to have no

adverse effect on th photoresponse of these devices.

V. Diadiuk
S. 11. Groves

C. E. llurwitz

B. IIIGIn-TEMPERA'l'URE CW OPERATION OF CaInAsP/lnP LASERS
EMITTING AT 1.5 L±m

The lowest transmission loss reported5 for fused-silica optical fibers, 0.2 d13/km, has been

obtained at 1.55 I±m where the material dispersion is still low enough for wide-bandwidth opera-

tion. Consequently. there is strong current interest in the development of diode lasers emitting

at -1.5 &m for use as sources in fiber-optics communications systems. In this section we report

the fabrication of Gaa1AsP/InP double-heterostructure (1)I1) lasers emitting in this wavelength

region that have been operated ('W at heat-sink temperatures as high as 55°C. Although room-

temperature (CW operation of i.5-1n GalnAsP/InP lasers Iras been described recently,69
"

CW operation of these devices at temperatures above 20°C has not been reported. The high-

temperature capability of the present lasers is significant not only because it would permit sys-

tem operation above room temperature if desirable, but also because longer lifetimes for room-

temperature operation can be expected for devices with this capability. For the laser with the

best room-temperature characteristics, the CW threshold current Ith was 120 mA and the ex-

ternal differentia' quantum efficiency r1 d was 28 percent. These values are comparable to those

obtained for GalnsP/InP 1I)i lasers emitting at 1.1 to 1.3 Lm (Ref. 10) and significantly better

than the best roo ,, -temperature values (1 150 mA, 1d 19 percent) previously obtained8 for

i. 5 -1Lm devices.

The lheterostructures used for conventional GaInAsP/InP Dil lasers emitting at 1.1 to 1.3 ,im

consist of successive InP, GalnAsP. and lnP layers grown by liquid-phase epitaxy (LPE) at i



6300 to 650°C on InP substrates. The thickness of the GaInAsP active layer is of the order of

0.1 i±m. Considerable difficulty is encountered in using the same structure and growth procedure
for 1.5-irn lasers because the P content in the thin active layer is so low that there is a strong

tendency for this layer to be dissolved by the growth solution used for deposition of the upp :r

InP layer. In fabricating the 1.5- i im lasers reported previously, the dissolution problem was

solved either by lowering the LPE growth temperature for the upper InP layer to 592°C (Ref. 6)
in order to reduce the solubility of the active layer in the InP growth solution, or by growing a

GaInAsP buffer layer between the active layer and the upper InP layer, using an intermediate

composition for the buffer layer such that its growth solution ,lid not dissolve the active layer 7 9

Neither of these methods was employed in preparing the lasers described here. Instead, con-

ventional three-layer heterostructures were obtained by LPE growth at 6400C (Ref. 11), but

dissolution vas prevented by supercooling the growth solution for the upper InP layer by 10 ° to

12°C before placing it in contact with the active layer.

We have used Auger spectroscopy in combination with ion-beam sputtering to analyze one
of the heterostructures grown by the supercooling technique. The approximately 0.4-1 ±m-thlck

active layer was found to have a symmetrical composition profile, with a central region of uni-

form oomposition bordered at the top and bottom by transition regions each about 0.05 Rm thick

ii which the composition changed gradually to that of InP. The dependence of composition on
distance was similar in these two regions. Since dissolution of the lower InP layer does not

occur during the growth of tie GaInAsP active layer, the similarity in the composition gradients

indicates that dissolution of the active layer did not occur during growt'i of the upper InP layer.

The CW lasers were fabricated from heterostructures in which all three epitaxial layers

were n-type, and stripes were defined by the deep-Zn-diffusion technique used previously for
10

shorter-wavelength devices. Figure 1-2 shows the curves of light output vs current measured
for ('W operation of one laser at 20 ° , 30', 40', and 501C. At 201C, where the emission wave-
length was 1.51 4±m, It 150 mA and 1d 13 percent. For this device, Ith is approximately

proportional to expl-Ti/T , with T°  53*(' near room temperature, in good agreement with

previous results for pulsed operation. The maximum CW operating temperature was 55°C, tie

highest value we have achieved for 1.5- 4 nm lasers.

Figure 1-3 shows the emission spectra obtained for 20' and 40'C operation of another CW
laser at about 20 percent aboxe threshold. The emission peak moves from 1.506 ' at 20'C to

1.517 A at 40'c, a shift of 5.5 A/deg. Figure 1-4 shows the emission spectrum obtained for
Z2°(' operation of a third laser at 17 percent above threshold, where the emission peak occurs

at 1.559 1jni. The lasers of Figs. 1-3 and -4 were fabricated from two different wafers. The

composition of the growth solution for the active layer was the same in both cases, but the active

layer thicknesses were 0.1 and 0.4 um, respectively.

lor all the ('W lasers tested, a single longitudinal mode was predominant, as shown by the
spectra of Figs. 1-3 and -4. 'igure, I-S shows the far-field patterns as a function of current for

,a second laser fabricated from the same wafer as the de% ice of Fig. 1-3. These patterns show "N
single trans\erse mode operation ui to the highest current used, about 70 percent above thresh-

old, where the, output exceede'l 10 iW/facet.

In addition to characterizug the (W operation of stripe-geometry lasers, we have also in-
vestigated the pulsed ol)eratLon of broad-area 1.b-g~i lasers, which were fabricated from wafers '*0

with an as-grown i)-type In' top layer. The %alues of threshold current density 'th are compar-

able to those broad-area lasers emitting at 1.A to 1.3 uim (Ref. 12). The best value of Jtill

3I a
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1.7 kA/cm2 , normalized to a cavity length of 250 ±m, is the lowest value so far reported for

1.5-Rm lasers. For diodes from substantial areas of each wafer, however, laser action did

not occur e~en at current densities up to 20 kA/cm . This inhomogeneity suggests that at least

partial dissolution of the acttxe layer may have occurred in those areas which did not yield laser

J. J. ilsieh

C. ELECTRICAL CHARACTERISTICS OF InP IMPLANTED
WITH COLUMN IV ELEMENTS

Ion implantation in InP has been receiving an increasing amount of attention recently be-

cause of its applicability to the fabrication of microwave and electrooptic devices. Previously,

work Z,13-18 has dealt primarily with InP implanted with column II or column V elements,

whereas among the column IV elements, only Si has been investigated to any extent ,13 ,14 ,1
7 ,i8

In this section we report results of a study on the electrical characteristics of InP implanted

with the column IV elements from C to Sn, including new and more detailed data for Si in InP.

Iligh-resistivity (p > 10 7 1-cm), Fe-rviped, (111)-oriented InP samples were used in these

experiments. Following implantation, the samples were annealed at 750°C for 10 to 15 min.

using a PSG (phosphosilicate glass) encapsulation technique described previously.!' Details

of the sample processing before and after implantation can be found in Refs. 2, 13, and 16.

The sheet carrier concentrations and mobilities of InP samples implanted with I x 101 4 cm "

of 400-keV C, Si, Ge, and Sn are shown in Fig. 1-6 as a function of implant temperature. Im-

plantation of all these column IN' elements resulted in layers showing n-type conductivity. As

shown in Fig. l-b(a), however, data from the samples implanted with C indicate a low net elec-
trical acti\ ation (about 5 percent) of the implanted C. Samples implanted with carbon doses

13 -21ranging from I x 10 cm to 1 x 10 5 cm all show this same effect. These results indicate

that u is likely highl) amphoteric in InP. although other possibilities, such as the location of

most of the carbon on interstitial sites, cannot be entirely ruled out. This behavior of implanted

C in InP contrasts with that in GaAs, where implanted C was found to be p-type with up to

50 percent ,ffective doping efficiency.1 9

Samples implanted with the other column IV elements, Si, Ge. and Sn. all showed n-type

beha% ior with good electrical activation and a similar dependence on implantation temperature

and dose. For these elements, sheet resistivities of InP samples implanted at temperatures of

150 to 200°C were generally lower than those of samples implanted at room temperature. The

sheet mobilities were always higher for the elevated temperature implants, but several anoma-

lies in the sheet carrier concentration as a function of implant temperature and dose were

observed.

The results for t x 104 cm-2 silicon implants are shown in Fig. 1-6(b). Over the 25 ° to

200( range of sample temperature during implantation, the sheet carrier concentration and

mobility increased with increasing implant temperature. As indicated in the figure, there is

considerable scatter in the room-temperature results with the measured sheet carrier concen-

trations ranging from 4.8 x 1013 to 7.0 x 1013 cm 2  l'he room-temperature implanted samplet;

with the higher sheet concentrations invariably had lower mobilities, so that even when the sheet

concentrations were comparable to those ,%n samples implanted at elev ated temperatures, the

sheet resistixities were always copsiderably higher. Since residual implant damage in InP has

been shown to result in n-type conductivity with low mobility ,1 3 tie variability of these room-

temperature implant results indicate that Si is of an intermediate mass between light ions and
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heavy ions and that the damage created during room-temperature Si implantation into InP is

critically dependent on the precise implant parameters. The results on samples implanted

with silicon at elevated temperatures were very reproducible. All samples implanted at 200"C
14 -zwith I x 10 cm had measured sheet carrier concentrations and mobilities in the range

(7.6 to 7.8) x i03 cm - and (1800 to 2000) cm z/V-sec, respectively.

For I x 1014 cm-2 germanium implants. the results on samples implanted at all tempera-

tures were reproducible. As shown in Fig. I-6(c), higher sheet mobilities were obtained on the

sample implanted at 1500 to 200°C. The sheet carrier concentrations measured on these sam-

ples were also higher than those obtained on similar samples implanted at room temperature.
but as shown in the figure, there is an unexpected but reprodu( ible anomalous peak in the sheet

concentration for samples implanted at 75°C. The mobility measured on these samples (1100 to

1200 cm 2 /V-sec), however, were sufficiently lower than on those implanted at 1500 to 200°C,

so that the higher-temperature implanted samples invariably had lower sheet resistivities. All

the samples implanted at temperatures of 1500 to Z00C with 1 x 1014 cm-2 of Ge exhibited

measured sheet carrier concentrations and mobilities in the ranges (5.2 to 5.6) x 1013 cm-2 and

(1480 to 1540) cm 2/V-sec, respectively.

Samples implanted with I x 1i4 cm "2 of 400-keV Sn are shown in Fig. 1-6(d). They are

very similar to those obtained with Ge, except for the absence of the pronour ced maximum in

sheet carrier oncentration. For samples implanted at 200°C, the measured sheet carrier con-

centrations and mobilities were typically 4.6 x 1013 cm"2 and 1450 cm /V- sec, respectively.

in contrast to the results discussed above, for Si, Ge. or Sn doses higher than about
mid-tO1 4 cm"2 , the sheet carrier concentrations measured on samples implanted at room tem-

perature were higher than those measured on samples implanted at 150 ° to 200°C. This is

illustrated in Fig. I-7. where the sheet electron concentration and mobility vs dose for InP

to' IO i I I I 'll I  '-I T 1 II I TT I- _T- r
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Fig. 1-7. The sheet carrier concentrations and mobilities vs dose
of InP samples implanted with 400-keV Ge at several temperatures,
from room temperature to 200C.
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samples implanted with 400-keV Ge + at several tempeeatures vetweet. room temperature
14 -2and 200 0 C are plotted. For doses less than 1014 cm , the sheet carrier con.cntration and

mobility vary qualitatively with implant temperature as indicated in Fig. 1-6. For doses of

3 X 10 cm'20 the measured sheet carrier concentrations are essentially equal for samples

implanted at room temperature and 200 °C, while for doses of I x 10 cm- the concentrations

in the samples implanted at room temperature [(1.8 to 2.2) X 10 t 3 cm 2 ) were higher than those
14 2

measured on samples implanted at 1500 and 200°C [(1.2 to 1.3) X 10 cm- 1. The sheet mobil-

ities, however, are considerably higher on the samples implanted at elevated temperatures so

that the sheet resistivities of all the samples implanted with 1 X 101 5 cm "2 are about 55 U/.

Similar behavior at high doses also has been observed with Si and Sn. For 400-keV Si doses

of I X 1015 cm 2 , samples implanted at room temperature had sheet carrier concentrations and
14 2 2mobilities of about 4.0 x 10 4 cm 2 and 780 cm /V-sec for a sheet resistivity of 20 U/0. Simi-

lar samples implanted at 200'C had sheet concentrations, mobilitles, and resistivities of

2.8 x 1014 cm-2, 1500 cm /V-sec and 15 D/, respectively.

To examine the effects of implant temperature and dose on the spatial distribution of the

electrical active implanted ions., several samples were selected for depth profiling using a
21

series of Hall measurements combined with step etching. Figure 1-8 shows the carrier
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";R

concentration and mobility xs depth for sex eral InP samples implanted with 400-keV Si at room
14 15 -2 pltetemperature and 200 ( and doses of I x 10 and 1 X 10 cm . Also plotted are the theoretical

Si profiles for loses of 1 x 10 ard 1 x 105 cm -2 which were calculated using the Johnson and
Gibbons formulation of" LSS theor3.222

rhe sample' implanted at room temperature with 1 x 1014 cm-2 had a sheet carrier concen-
tration and mobility of 4.9 x 10 cm and 1600 cm /V-sec, respectively. This sheet carrier
concentration value is on the, low end of the %alues observed on room-temperature implanted

samples [see Fig. 1-t(b)], vhile the mobility is on the high end. This sample was chosen since
it -'s •c, .2 that in 'tsu r- type damage effects are minimal and will have little effect on

itae measured profile. As shown in Fig. 1-8, the sample has a carrier concentration near the

,,"f.-' '.'hivhi~ .. ,a;,+,-.i olur 0au expected, indicating that the implanted Si in this region
is either not electrically avti\ e or compensated.

For the sample implanted at 200'C with i X 101 4 cm- 2 of Si, the carrier-concentration pro-

file more nearly fits that expected from LSS theory. The measured peak carrier concentrationis2x118 cm "2

is 2 x 10 cm at a depth of about 0.44 4m. which is only slightly deeper than the depth ex-
pected from ISS theory. Inclusion of hligher-order moments in this range theory would probably

result in e% en better agreement with the experimental data. The mobility for this sample im-

planted at 200'C is higher than that observed on the sample implanted at room temperature for
all depths. The decrease in mobility in the deep tail of the profile is believed to be due to a

24decrease in the s( reening factor; which results in an increase in the ionized impurity scatter-

ing from the deep lexels in the Fe-doped substrate.

For the sample implanted at 200°C with I x 1015 cm " 2 of Si., the peak of the measured car-

rier concentration is also about where it would be expected from range theory. The distribution,
howe% tr, is much wider than expected indicating that substantial diffusion of the implanted Si

15 -has taken place. Samples implanted at room temperature with i x 10 cm " showed a higher
peak carrier concentration than the sample implanted at 200°C, but, as with the lower-dose
room-temperature implant, the concentration in the region from the surface past the calculated

peak is much lower than expected, again indicating that the implanted Si in this region is not

electrically acti\ e or compensated. The mobility of the higher-dose room-temperature im-

planted sample is lower than that of the similar sample implanted at 200*C. It appears, there-
fore, that even for high doses, heated implants will generally be more desirable.

J. P. Donnelly

G.A. Ferrante

D. GROWTH-TEMPERATURE DEPENDENCE OF LPE GaInAsP/lnP
LATTICE MISMATCH

I.attice matching is an important condition for GaInAsP/InP DIH lasers. In the LPE growth
of a GalnAsP layer on an InP substrate, the composition and lattice parameter of the epitaxial
layer have been known to be functions of the growth temperature.2 5' 2 6 In this work, we report
the measured growth-temperature dependence of the GaInAsP/InP lattice mismatch over a wide

range of quaternary compositions.
The substrates were n-type (Sn-doped, n - 1 x 101 7 cm- 3), <100> -oriented, and polished

InP wafers. A constant growth temperature was used for each LPE run. The substrate was
first etched by a pure In-melt for 10 sec, then slid under the GalnAsP growth solution. The
room-temperature lattice mismatch between the grown GaInAsP layer (generally I to 5 lim thick)

and the underlying InP substrate was determined by X-ray diffraction.

9
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Figure 1-9 shows an example of the X-ray results. The lattice mismatch, Aa/a, was ob-

tained from the shift, A(Ze), of the diffraction maxima, based on Bragg's equation, 2a sine = mA,

with m -- 6 and X = t.5406 A. For a given GaInAsP growth solution, a different growth tempera-

ture resulted in a different Aa/a. Figure 1-10 shows the growth-temperature dependence of

Aa/a obtained for a growth-solution composition which produces A Q = 1.31 ;Lm at Aa/a = 0 (AQ is

the wavelength corresponding to the energy gap of the quaternary layer). The data points in

Fig. 1-10 fall approximately on a straight line. One straight line of this kind was obtained for
each of eight different solution compositions used in this work. In Fig. 1-il the slopes of these

straight lines are plotted vs the corresponding hQS.
-4/In this work (i/a) (ba/OT) - -5 x 10"/'C has been observed for 1. 3 < A Q< 1. 55 1,m. This

implies that precise temperature control to better than Z °C is necessary for a good lattice-

matched GaInAsP/InP heterostructure. Feng e~tal.2 6 have reported (t/a) (Oa/BT) = -2 X 10"4 /°c
for h = 1.15 m, which is 67 percent of the corresponding value in Fig. I-1i. We believe that

Q
the present value is more reliable, because our measurement was based on larger I Aa/a l's and,

therefore, had smaller errors due to signal overlap.

I 1

,~00
/4

|//
o2 / 4 , . . ,

0.0

Fig. I-il. The negative of the growth-temperature derivative

of the GaInAsP/InP lattice mismatch as a function of NQ.,

Figure 1-11 shows that -(1/a) (aa/BT) rises almost linearly from zero for the wavelength

region 0.92 tm .A AQ 4 1.15 im. This behavior can be understood from the fact that, for those

compositions, Ga and As are dilute species both in the growth solution ana in the epitaxial layer.
A similar argument applies to the drop of -(1/a) (Ba/aT) for , - 1,67 tm. where the P con-

g
centration approaches zero.

In this work, smooth GalnAsP layers have been grown directly on InP substrates without an

intervening InP buffer layer. However, a buffer layer is needed for a smoother GaInAsP/InP

interface in DH lasers. We have recently observed some effect of the InP buffer layer on the sub-

sequent GaInAsP growth. Details of these experiments will be reported at a later time. V

Z-L. Liau D. E. Mull
J. J. Hsieh J. N. Walpole
T.A. Lind
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11. QUANTUM ELECTRONICS

A. LIFETIME AND FLUORESCENCE FROM TRANSITION- METAL- DOPED
CRYSTALS

In a previous report Ithle fluorescence properties of the laser crystals Ni:MgF 2 , Co:MgF.,

and Ni:MgO were described. There are other transition- metal-doped crystals which have been

used in lasers and still others which are potential laser meia. In this report the fluorescence

lifetime as a function of temperature and the fluorescence spectra from several possibly useful

laser crystals are reported.

Theliftim vstemertur cuvesforT 2 A2 fluorescence from three different Ni-

dloped crystals is shown in Fig. II-1. The Ni-doping level was -I percent in all cases. A pulsed

Nd:YALO laser operating at 1.34 jim was used as the excitation source.

[-ig. Ii - . F1luorescenice lifetime vs 1cm l-
J)Oi'(tW't for Ni:AMiii') NiCA ,l3 and
Ni-Ba.Ngi-'. - I

0 Ni:BoMqF4

o0 NI:CAMGAR
A Ni:MnF2

o l I I I I lIlI I IL.... L I I
10 100 1000

TEMPERATURE (K)

One of the crystals examined, N i:.\nV2 has been used in laser operation with both puilsed

and C'WV lamip excitation, at crystal temperatures ranging from 20 to 85 K (R10f. 2)t. L~aser thresh-

oldis were compairable to those observed for \i:Mgl' , but untuned oeainwsalne ae

length (- 1 .0 1 mn) than the'I t.r.7-jim operating wavelength of Ni: Mg l-' because of the shift in fluo-

res;cence peaks between two i'vstals. Other notable p~roperties of Ni:.'MOP) include a re'lativelN

5(1'01( turele,;S fluoresceace vs wavelength curve at 77 hK, w~hic coul ('11( ield' a smooth tuning ctir v

,comparedl to N:g'"'and the possibil itv of efficient transfer of e\citaition from Nln to Ni -

\%lhie coul pm (1roduce efficticnt operation v i th b~roadbandh exiitat ion sources. Thle reduction in

li fetim ic ot Ni fluh ~tores cence at temperattures above 100 K ( shown in Pig. 11-1I) presumned to

be from nult iphonon relaxation, indicates that ( X laser operation will he linnited to (rvogeni c

tellipoet'1 iire', lloxe~ c. Tie lox%~ -tellperItilre li:retio of 11. 3 misec agrees exactI\ with pre -

Vloll, 'lid I, ch raete rlt Ic W ;illalm dltg ei -dp l 1Isl~)
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Pig. 11-2. Fluorescence spectrum from Ni:13aMgF 4 at 7 7 K.
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Fig. 11-3. Fluorescence spectra from Fig. 11-4. Fluorescence lifetime vs
Ni CAMOGAR at 20, 77. and 200 K. temperature for V MgF,.
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BaMgF 4 (and similar crystals with Mg replaced by other divalent transition metals) is one

of the few fluorides lacking a center of symmetry. Previous studies of this material have ex-

amined such quantities as piezoelectric constants and nonlinear optical coefficients.?' 4 The emis-

sion spectrum from a randomly oriented crystal of Ni:BaMgF 4 at 77 K is shown in Fig. 11-2 and

is somewhat similar to that observed from Ni:MnF.. Zero-phonon lines do appear at lower

temperatures; the 20 K emission line corresponding to the transition from the lowest-lying 3T2
levgl to the ground state is at 1.73 urm (5780 cm 1 ), lower in energy than in any previously re-

ported Ni +2 host. From Fig. I-i, the lifetime reduction with temperature is the most severe

of the crystals examined. Also, the low-temperature lifetime of 1.9 msec is considerably

shorter than would be expected from Ni + 2 in an Oh-symmetry environment. It is not clear

whether this low value is the result of a slight admixture of odd-parity wavefunctions caused by

the nature of the Ni environment in BaMgF 4 , or the result of residual low-temperature multi-

phonon relaxation as predicted by the theory of Struck and Fonger. Further experiments are

thus required to determine if Ni:BaMgF 4 has a reasonably low threshold for laser operation,

even at cryogenic temperatures.

CaY2 Mg 2 Ge 30 12 (CAMGAR) is a cubic crystal previously used as a host for a Nd +3 laser.6

The fluorescence spectra (Fig. 11-3) at 20, 77, and 200 K indicate a broad, structureless emis-

sion band with no evidence of zero-phonon lines. The stronger crystal field of the oxide environ-
ment for Ni+2 results in relatively short-wavelength emission compared to fluoride host crystals.
One notable feature of the fluorescence lifetime vs temperature curve for Ni:CAMGAR is that

the 300 K lifetime is reduced by only a factor of 2 from the low-temperature value, which in-

creases the possibility of room-temperature laser operation from this material.

Laser operation from the 4 T - 4 A2 transition of divalent vanadium in MgF 2 (V:MgF?) has

been previously observed at 1.12 uim (Ref. 7). The excellent match of the broad 4 A2 -- 
4 T2 and

A - T absorption bands to the emission spectrum of xenon flashlamps and the relatively

high thermal conductivity and low nonlinear index of MgF, have recently generated interest in

V:MgF 2 lasers for fusion drivers.8 The fluorescence lifetime vs temperature curve for this

material is shown in Fig. 11-4. Two different crystals were examined, one with a doping level

of I wt% VF., and the other with a level at least 10 times smaller. Results were essentially the

same for both crystals, and the low-temperature value of -2.5 msec agrees well with previous

data. It is apparent that low-threshold operation of V:MgF 2 lasers will be limited to crystal tem-

peratures below 200 K. P.F. Moulton

B. SCHOTTKY DIODE MIXER OPERATION AT 10 trm

We have demonstrated Schottky diode mixer operation at 30-THz carrier frequency using
two laser lins in the 10-Rm spectral range. By utilizing combinations of isotopic CO laser

2
lines, the mixers were tested with IF frequencies of 2.7. 4.8. 8.2. and 15.6 Gliz. Two planar

and two whisker-contacted diodes were evaluated in this study, and signal-to-noise ratios of

better than 30 dB were routinely obtained at 2.7 GHz. In Fig. 11-5 the 0-um laser beats at an

IF of 4 and 15 GHz are shown, where the total incident power is less than 0.5 W. At 15 GHz,

secowd detection was accomplished by mixing the IF with a microwave synthesizer, either in the

diode itself or in an external coaxial diode mixer, and then feeding the resulting RF into a

30-Mhlz spectrum analyzer.

I$
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Fig. 11-5. Beat note between two isotopic CO 2
lasers in GaAs Schottky diodes. Top: beat

1-"- 50s kHz signal is displayed directly on spectrum ana-
lyzer. Bottom: beat signal is first down-
converted to 30 MHz by mixing, in the diode

15,617 GH itself, the IF' with a microwave synthesizer.

CENTER FREQUENCY

Performance of GaAs Schottky diode mixers ab" the plasma frequency has been predicted9

using an extended high-frequency model which includes skin effect, c'arrier inertia, an(] displace-
meat currents. Hlowever, previous efforts to actually observe such mixing in Schottky diodes 0

have either failed or have been at such low IF frequencies that thermal effects could not be ex-

cluded. In the present work the 15-Gliz re-sponse makes thermal effects unlikely, and we believe
that tunneling (either thermionic field or simply field emission) is a dominant contributing mech-

anism. This would be consistent with our measurements of l-V cur' es of these diodes at low

temperatures.

The quantum efficiency in this set of experiments is difficult to estimate since no effort has
been made to couple the laser beams optimally into the diodes. Further experiments at higher
IF frequencies are under way to clarify the mixing process at these wavelengths and to establish

possible useful applications. H.R. Fetterman C. Freed

P. E. Tannenwald R. G. O'Donnell
B. J. Clifton
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Ill. MATERIALS RESEARCkh

A. EFFICIENT LARGE-GRAINED GAxAs HOMOJUNCTION SOLAR CELLS

Solar cells made from both large -grained 1 and thin-film polycrystalline 2 GaAs have been
limited in conversion efficiency by open-circuit voltages (Voc) much less than those obtained for
single-crystal GaAs cells. Although MOS structures have been employed with these materials
in an attempt to improve Voc (Ref. 3), valucs above 0.8 V have not been reported. We have now
obtained conversion efficiencies exceeding 11 percent at AMI for GaAs homojunction solar cells
grown by chemical vapor deposition (CVD) on large-grained substrates. By using a new passiva-
tion method involving the surface electroplating of Sn and subsequent heat treatment, Voc values

approaching 0.9 V have been achieved.

The new large-grained cells utilize an n+/p/p+ structure prepared by CVD on p+ GaAs sub-
strates and anodically oxidized to provide an antireflection (AR) coating. Epitaxial layers were
deposited in an AsC13 -Ga-H 2 system under growth conditions similar to those used in the prep-
aration of single-crystal shallow-homojunction solar cells Since variations in growth rate and
surface morpholngy from grain to grain make measurement of growth parameters difficult,

single-crystal companion substrates were used in each run. Thickness and carrier concentra-
tion measurements for the layers on the companion substrates have shown typically: n - 0.25 ImL
3X 1018 cm " (S); p-3.5m, 5 107 cm " (Zn); and -0.7 Lm, 5x 108 cm (7n). Epi-
taxial layer thicknesses in the large-grained samples have been found to be within a factor of 2 of

the single-crystal values.

An essential step in achieving improved solar cell performance was the development of a new
method for the passivation of polycrystalline GaAs. In initial experiments on small (0.2 nm 2 )

photolithographically defined cells using electroplated Sn top contacts and electroplated Sn or Au
as a back contact, we observed that Voc was marked'y increaded by heating the cells to tempera-
tures in the vicinity of 200°C. For cells with Au top contacts, Voc was not changed by heat
treatment.

Various heating procedures were then tried on cells with Sn top contacts made from differ- A

ent large-grained substrates. Since numerous small cells were fabricated simultaneously by
the photolithographic w.ocess, we were able to investigate cells fabricated directly on grain

boundaries as well as those fabricated away from grain boundaries. li-.ating the cells generally

caused an increase inoc and also in the short-circuit current Isc' altr..ttgh there were varia-
tions between cells located on different parts of the same large-graineI ly,'.yr. Cells fabricated

away from grain boundaries often showed the highest initial Voc* but '.ad i'rwinilicant improve-
ment upon heating. For some cells Voc was increased by as much Ls 0.5 V, aid some cells had

Voc values above 0.9 V after heating. For some cells that were heated a number of times, each
of the initial cycles caused an increase in Vo, but eventually V was degradcl by additionaloc oc
heating.

To further understari the role of electroplated Sn in the improvement of the ,,hotovoltaic

response of small cells, which apeared to be due to surface passivation of grain Uoundaries,
we performed experiments in which Sn was electroplated on the n + surfaces of laig.-grained
layers before cell fabrication. Atter a heating cycle, the Sn was chemically removed and the

solar cell processing was continue,: as usual. For some layers, Sn was preferentia.I, deposited

19 ~ Pi~D ~~ Ei TY
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only on certain grain boundaries that exhibited enhanced conduction, while for other layers Sn
was deposited over the entire surface. Plating of Sn over the entire surface was found to yield

the most efficient larger (6.3 mm 2 ) cells. Of four cells fabricated on one layer that was treated
in this manner, one was damaged in processing Lat the rem',aining three cells were found to have
AMi efficiencies greater than 10 percent. A micrograph of the most efficient cell is shown in

Fig. III-i. More than 20 irregularly shaped grains are covered by this cell, and the varying
surface morphology is evidence for different c ystallographic orientations. Before the final
anodization of the n surface layer of the cell to provide an AR coating, this layer was thinned
by anodic oxidation and etching to remove appro. .mately 2200 A of GaAs. This thinning was

found to increase the measured Isc by 40 percem, although the increase was less rapid than

would have been observed for single-crystal cel. s because of variations in anodic growth rate
on different grains. The infrared electroluminecent emission of the three cells under forward

bias was observed using a silicon vidicon. The most efficient Cd1l showed the most intense and

most uniform emission, consistent with our previous results. 5

For the most efficient cell, the illuminated (AMI) I-V characteristic is shown in

Fig. 111-2, and the spectral response curve is shown in Fig. 111-3. Details of the measure-

mi.t techniques have been reported previodsly 6 The measured parameters were Voc = 0.835 V,
Js 21.5 mA/cm 2 , and fill factor = 0.73, giving a conversion efficiency of 13.1 percent. The

t highest quan~tum efficiency was 0.81. The diode factor of this cell, which was measured by

means of the variable illumination technique in order to eliminate series resistance effects,
was found to be 1.6 with a dark current of 6.9 x 10 "  A/cm2. These values suggest that while
recombination currents are not extremely high in this device, further reduction will be neces-

sary for improved efficiency.

We speculate that the mechanism primarily responsible for the observed increase in Vo is
t!,e passivation of detrimental grain boundaries by diffusion of electroplated Sn into conducting
grain boundary areas. Since Sn is a donor, while we believe that grain boundaries in GaAs gen-
erally exhibit p-type conduction,* incorporation of Sn in these areas could reduce their conduction
by compensation. Tht electroplating of Sn over the entire surface may also have the additional

benefit of increasing the carrier concentration in n surface areas that were originally more
lightly doped due to variations in growth rate on the polycrystalline substrate. By this techiique
we have obtained the highest value of Voc reported for polycrystalline GaAs solar celis of any
type. The short-circuit current and the fill factor, which presently limit cell efficiency, should

be increased by improving the passivation process and using a conducting top layer such as tin-

doped indium oxide (ITO). We are confident that AM1 efficiencies in excess of 15 percent can
be achieved.

G. W. Turner R. P. Gale
J. C. C. Fan 0. flurtado

B. EFFICIENT SINGLE-CRYSTAL InP HOMOJUNCTION SOLAR CELLS

The theoretical conversion efficiency for InP solar cells is near that for GaAs cells8 flow-
eer, little has been reported on InP homojunction solar cells, although conversion efficiencies

* The evidence for p-type conduction comes from a number of experiments, including a compari-
son between the properties of p/n and n/p polycrystalline structures.
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of 14 to 15 percent (AM2) have been obtained for CdS/InP (Ref. 10) and Sn-doped indium oxide

(ITO/InP) (Ref. 11) cells. We have now fabricated InP homojunction single-crystal cells with

conversion efficiencies up to 15 percent (AM1), the highest efficiency values reported for inP

solar cells of any type.

The new InP cells incorporate np/p + structures obtained by growing liquid-phasc epitaxial

layers on (100)-oriented. p+(Zn - 1018 cm 3 ) InP substrates. A p(Zn - 1 to 3 x 101 cm

layer about 2 im thick was grown first, followed by an n+(Sn - 2 to 5 X 1018 cm "3) layer in the

thickness range between 0.05 and 1.0 urm. Total epitaxial growth thickness was measured by
edge staining and inspection with an optical microscope, while the n+-layer thickness was de-

termined by repeated etching of an area between two ohmic surface contacts until non-ohmic

conduction was observed (indicating back-to-back diode characteristics). The cell front con-

tact grid and active area were defined photolithographically to yield cells of 6 or 10 mm.

Front contacts were made by electroplated Au or Sn, and back contacts were flash-evaporated

Au-Mg. +
The photovoltaic response of the InP cells was found to be rather insensitive to n -layer

thickness over the wide thickness range investigated. This indicates that the surface recom-

bination velocity is not as high for the InP cells as for our GaAs homojunction cells, whose
n+_ -lyrtikes 12

performance is strongly dependent on n+layer thickness. Although there was some reduction

in short-circuit current for the InP cells with the thickest n -layers, this reduction may be due

to the decreased minority-carrier diffusion length in such heavily doped regions, since apprecia-
++

ble optical absorption in the thick n -layers occurs at a significant distance from the n+/p june-
tion. An additional difference between our InP and GaAs homojunction solar cells is that the

electron-beam-induced current (EBIC) response showed evidence of surface inversion outside

the active mesa area of the InP cells, which we have not observed in our GaAs cells.

A significant problem in the development of efficient InP homojunction cells has been the

preparation of an AR coating that does not degrade cell performance. I)eposition of ion-beam-

sputtered ITO films on the InP cells at low temperature1 3 reduced the fill factor by as much as

20 percent. Investigation of these cells with a scanning electron microscope showed evidence

of ITO-InP interfacial reactions, especially near the front contact fingers when electroplated

Sn was used. Evidence of such reactions has been reported by others. t 4 We then tried native

anodic oxides grown on the InP by various techniques. Using the unmodified AGW electrolyte 5

16gave nonuniformity in film thickness due to edge effects. The modified electrolyte gave im-

proved films, but their index of refraction was found ellipsometrically to be less than the optimal

value (1.76) for an AR coating on InP. The best results have been obtained with an electrolyte
17. 2of 0.IM monobasic ammonium phosphate, using a current density of I mA/cm at room tom-

perature. Although the index of refraction of these films at 6328 A is still only 1.44 * 0.05. the

thickness is uniform and the film growth can be controlled by monitoring the voltage across the

electrochemical bath. The thickness was found to be linear in voltage (24 A/V), and a thickness

of 1300 A, the optimal value for this refractive index, can easily be obtained. The use of electro-

plated Sn for top contact fingers permits the anodization of the cell after all other fabrication is
18+completed. This has the added benefit of separating the metallization farther from the n+/p junc-

ton than if anodization had to be performed first.

The best InP solar cell. which was fabricated with Sn front contacts and then anodized, has
+

an n -layer thickness of 0.3 jim and a p-layer thickness of 1.7 1±m. The I-V characteristic of

--. . 4:2 Y .



this cell under AMI illumination is shown in Fig. 111-4. The open-circuit voltage Voc is 0.779 V,

the short-circuit current Isc is 26.5 mA/cm , and the fill factor is 0.715, giving AMi, 25°C

efficiency of 14.8 percent. The spectral response of this cell is shown in Fig. 111-5. The details

of the techniques for the efficiency and spectral response measurements have been reported6

previously Even though the AR coating for this cell was not optimal, over a substantial portion

of the spectrum the external efficiency is approximately 0.8, indicating the good minority-carrier

diffusion length in this material. The diode factor of this cell was also measured using the vari-
7able illumination technique to eliminate series resistance effects, with the results shown in

Fig. 111-6. The low values of diode factor 1.3 and dark current 2.9 x 10 "i 2 A/cm 2 are compara-

ble to values obtained for GaAs homojunction solar cells grown by molecular beam epitaxy,1 9
20

but are lower than the values for the best such cells grown by chemical vapor deposition.

We feel confident that additional improvements can be made in InP homojunction solar cells.

With optimized AR coatings, better material properties such as minority-carrier diffusion length,

and elimination of the observed surface inversion, conversion efficiencies closer to theoretical

will be obtained. The fact that efficient InP homojunction cells can be fabricated with much

thicker n +-layers than are possible for GaAs homojunction cells may lead to improved solar cell
designs. For example, both radiation-resistant cells for space applications (where heavy dam-

age may occur very near the surface) and cells for use in concentrated sunlight systems (where

thicker n -layers would reduce the series resistance) might benefit from the utilization of InP.

G.W. Turner
J. C. C. FanJ. J. Hsieh

C. CRYSTALLIZATION FRONT VELOCITY DURING SCANNED LASER

CRYSTALLIZATION OF AMORPHOUS Ge FILMS

By scanning amorphous Ge films with the slit image of a CW Nd:YAG laser to produce a

solid-phase transformation to the crystalline form, we have recently prepared large-grained

films containing well-aligned crystallites with dimensions up to 2 to 3 x 100 tim (Ref. 21). These

films exhibit periodic structural features whose spatial period (d) depends on the background

temperature (Tb) of the film before laser irradiation. According to a theoretical model that we X

have formulated for scanned laser crystallization, 22 these features are formed because the crys-

tallization front moves in a series of rapid jumps between rest positions, with the velocity of

the front (vac) during each jump much higher than the laser scanning velocity (v); their spatial T
ac'

period is equal to the distance between successive rest positions. Precise values of vac have

not been calculated from the model because of the limited accuracy of our numerical computa-

tions. With the objective of developing scanned laser crystallization as a method for preparing

low-cost Ge substrates for GaAs solar cells, we have now extended our investigation by using

an optical transmission technique to measure average values of vac. The measured values

range from 140 to 260 cm/sec, compared with v of only 0.5 cm/sec.

Figure III-7 is a photomicrograph showing the periodic features obtained for a Ge film
0.3 gm thick, deposited by electron-beam evaporation on a fused-silica substrate, that was

laser crystallized with Tb equal to room temperature. For this film, d is about 40 1Lm. As
2reported previously, each feature consists of four different regions. In Fig. 111-7 the first

three (a very narrow amorphous region, a small region containing a mixture of amorphous ma-
terial and fine grains, and a broader region of fine crystallites) form a dark stripe whose width
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is about one-fLfth of d, but these regions cao be distinguished from each other at sufficiently

high magnification. The fourth region is occupied by much larger, elongated crystallites that

are generally aligned parallel to each other at an angle to the laser scan direction. When the

entire crystallized area is examined, these large crystallites are seen to form a roughly

chevron-like pattern, with the two halves of the pattern symmetrical about an axis that is paral-

lel to the scan direction and located near the center of the laser slit image. Near the center of

the image, the crystallites are nearly parallel to the scan direction.

'To describe the periodic motion of the crystallization front (the amorpnous-crystalline phase

boundary) that accounts for the periodic structural features, we refer to Fig. 111-8. It shows

the sample geometry considered by our theoretical model and schematic laser power density

profiles indicating the positions of the laser image and the phase boundary at three significant

times during the crystallization process. The amorphous film is deposited on a thick substrate

that is heated to Tb, and the laser image (which is assumed to have a Gaussian intensity distri-
bution in the scanning direction) is scanned from left to right at velocity v. The approximation

is made that the amorphous-to-crystalline (a-c) transformation occurs instantaneously at any
point where the film temperature reaches a critical value (Tc). During crystallization the a-c
4c
boundary therefore coincides with a T isotherm, and the motion of the crystallization front

can be found by calculating the motion of this isotherm, which is parallel to the long axis of the
laser image.

The sample diagram and bottom intensity profile in Fig. 111-8 show the situation at a time t

when the crystallization front has just come to rest, at a position close to the leading edge of

the laser image, because the temperature is less than rc for all regions of the film that have

not yet been crystallized. (The shaded region under each intensity profile corresponds to the

portion of the film exposed to the laser image that has remained amorphous.) After , as the

laser image moves forward, the temperature at the a-c boundary increases, but no further

crystallization occurs until time t2 , when this temperature reaches Tc . At t 2 the laser image,

having moved a distance v(t 2 ti), is located at the position shown by the middle intensity pro-

file, while the a-c boundary is still at the rest position it reached at t i ,

When crystallization begins at t 2 , the a-c transformation is acompanied by the liberatior
of the latent heat of crystallization. Because the film temperature is then increased by conduc-

tion of the latent heat as well as by laser heating, the T isotherm and therefore the a-c bound-

ary move forward at a velocity that is initially much higher than v. Due to the very rapid motion

of the boundary relative to the laser image, the contribution of laser heating to the temperature

at the boundary decreases rapidly. In spite of the continuing liberation of latent heat, at time t

the boundary temperature falls below Tc . The crystallization front therefore comes to rest

again after having moved a distance V ac(t 3 - t2 ) = d, the spatial period of the film structure,

where is the front's average velocity between the two successive rest positions. At t3 , as

shown by the top intensity profile in Fig. 111-8, the position of the crystallization front relative
to the laser image is the same as at Ti . Thus, between t and t both the front and the image

have moved forward by the distance d. Since v is much less thar, Vac' v(t 3 - t 2 ) is much less

than d. The total distance moved by the laser image is equal to v(t 2 - t i ) t v(t 3 - t2 ), so that
v(t 2 -ti) d, and (t 2)/(t2 -t /ac Tius, (t3 -t 2 ) is mach less than (t2 - t). Con-

sequently, in Fig. II-8 there is no perceptible difference between the positions shown for the

laser image at t 2 and t 3.

i
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I
According to the preceding discussion, as illustrated by the intensity profiles of Fig. 111-8,

during scanned laser crystallization of a Ge film with a Nd:YAG laser the relative areas of the

amorphous and crystalline regions irradiated by the laser image vary with time. Consequently,

the intensity of radiation from the scanning laser that is transmitted through the film should also

vary with time, since there is a marked difference in optical transmission between amorphous
and crystalline Ge at 1.06 gm, the Nd:YAG emission wavelength. For Ge films 0.3 1±m thick,

at room temperature the transmission values for this wavelength are about 8 and 20 percent,

respectively, for the amorphous and crystalline forms. Therefore the intensity of the trans-

mitted laser radiation will have its maximum value at time ti, when the amorphous area is

smallest; the intensity will then decrease gradually to a minimum at t., as the amorphous area

is increased by the forward motion of the laser image at velocity v while the crystallization

front remains stationary; and firaily the transmitted intensity will increase very rapidly, reach-

ing its maximum value again at t as the crystallization front moves forward at velocity vac.

To measure vac, we have monitored the transmitted intensity as a function of time during the

crystallization process.

T, 8i165i-2 106-,rm SILICON
BANDPASS PHOTODIODEFILTER/

OSCILLOSCOPETRANSLATION
STAGE

CYLINDRICAL
LENS

1 O6-pr"
BANDPASS Go FILMFILTER

".%a BEAM SPLITTER.I ,,,
CW Nd. YAG POWER

LASER METER

Fig. 111-9. Schematic diagram of experimental system used for measuring

transmitted laser radiation as a fuiction of time during scanned lasercrystallization.

The system used to measure vac, which is shown schematically in Fig. 111-9, was con-

structed by modifying the system used in our earlier crystallization experiments 2 to permit

measurement of the Nd:YAG laser radiation transmitted through the sampl- The CW laser is

focused to a slit image with roughly Gaussian power density distribution over a width (FWItM)
2of about 50 iim. The average power density. which is estimated to be about 5 kW/cm , was

.found to be uniform to ±3 percent over a length of' 1.5 ralm. The amorphous Ge film is mounted
at the focal plane of the laser image on a transparent room-temperature platform in a flowing

Ar/H, atmosphere, and the transmitted radiation is detected by a large-area Si photodiode that

is attached to the platform behind the sample. A metal mask with a slit about 400 i±m wide and

I cm long is mounted between the sample and the deteccor so that transmission is measured
only for the central region of the film where the large crystallites obtained by laser scanning

are aligned approximately parallel to the scan direction. Two 1.06-±m bandpass interference
filters are used to eliminate stray light. A stage, dri en by a synchronous motor translates the
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sample platform at a constant velocity in the direction perpendicular to the long axis of the laser
image, producing the relative motion of image and sample shown in Fig. 111-8. The photodiode,
which is operated in the photovoltaic mode, is connected through a high-speed amplifier to an
oscilloscope. The diode-amplifier time constant is less than 2 fsec.

Measurements of optical transmission as a function of time were made during multiple

crystallization runs on three different Ge films. As predicted by our model, the transmission

varied periodically during each run, with each cycle consisting of a gradual decrease from the
maximum value to the minimum value followed by a very rapid increase from minimum to maxi-

mum. Figure 111-10 shows the oscilloscope traces for two successive increases in transmissio,

100 I9.0

Fig. 111-10. Oscilloscope traces .showing plotodiode signal as a function
of time for two successive intervals of increasing transmission during
scanned laser crystallization of Ge film.

obtained during a typical run. The time interval between these traces (corresponding to t2 t

in Fig. 111-8) was 9.9 msec. For the laser scan velocity of 0.48 cm/sec, this interval corre-

sponds to d = 47 fam, in good agreement with measured spatial periods of 42 to 45 lrn. determined
from a photomicrograph showing the periodic structural features of the crystallized film. l'he
average velocity of the crystallization front during its motion between successive rest positiotns

is given by Vae = d/At, where At is the interval (corresponding to t3 - in Fig. Ill-8 in which
the transmission increases. For the trace on the left in Fig. 111-10., At " 26 oSec. giving vC
180 cm/sec. 'This trace shows that the rate at which the transmission increases is initially con-
stant but decreases as the transmission approaches its maximum value. Hits %ariation, which
was observed in all the experiments, can be attributed primarily to the ,arintion in power' density

across the width of the laser image.

Twelve pairs of d and VaR values, each obtaimed by measuring two successive oscilloscope
traces like those in Fig. 11l-10, have been determined. The values of d range from 36 to 4( j±m.

and the values of Vac range from 140 to 260 cm/sec. There Is no S xstLimatic difference between

the results for the three different Ge films., We conclude' that the optical transmission experi-
ments confirm our theoretical model of scanied laser t rystallization, which attributes the leer -

olic structural features of the films to the intezinittent motion of the ( rstalhation front at

velocities much higher than the laser scaming velocity.

I. 1L. ('hapnia II. .J. Zeiger
,J. C. C. i'an I. P. Gale
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A. GRAPIIOEPFVTAN\ 0F STI. ON ON I '1 SE!) SIICUA t S 1 I MA 1:
\IICHOPATFERNS AN!) I.AS;T: (lt\sTrALLIZATION

Since puli cat ion of our initial results onl the graphoepita\v of -,ilicon on fused-silica suh-

strates!, 2 we have set up an x-ray pole plotting apparatus %Omhi pormits a hluantitative e~a)l-[

ation of orientation and texture. Measurements of tho width ot the (-400) diffra tion peak a, a

function of angle relative to the substrate normal and( the vvidths, of the four 12.1) peaks as a

function of rotation about the sulbstrace normal indicated that there xN as a distribution of orien-

tation in the graphoepitaxial silic(on prep~are(] l)v CWargon laser crivcstaliz ation as dhescrihed
earlior. I Onl 3.8-pm spatial -period surface Lg ratings, the 11001 direct ions ace parallel to lv

* grating to within ±I15 and perpendicular to the substrate -urfra e to vi it in ±1.5 . )e rea-ing

the grating spat ial-pe riod, incrceasing the grating depth, improvingr the, cross- sectional p~rofile

and line edge smoothness, inc ceasing the, subst(rate temperature during crystalli ?ation, aiic in-

creasing the numlber of raster scans. all ,erve to de( rease the spread in orientations.
Laser crystallized filmsc wvere analyzed in a transmission electron mit coscope (TE'\l. I)i,,-

-tne hod ai ris were t'leaclv discernible in the silicon from outside the Prating area, biut no gain

bounda ries wer %c isible in the s ill( on it-orum inside the crvating a i ei , aitliouch the \-I i11 rxiesultidctthpreneodsictgan.Nslplnsisctonop rtwnwiehsre

byTEX!. Figure' RX -1 shows a transmission diffraction pattern taken in the 1' EM of the sili( onl

over the grating. The IKikuchi lnsin tlic diffraction pattern indicate a liighl', ordered rvstal-

I line structure.

F ~g. 1% - 1. I iansmi s-, ion el ectr'on diffraction pattern of a 500-rim -thick

silicon film laser crvstalli7eo o%'c a i.8-eml-period ur-\aegatn
in anorphoui fused,( -,il ira. 'I he( electiron hlean) ~a pe rpendi ulIar to the
siliconi film vie-l~ing a (100) diffrac tibn pattern. The IxAku, hi line, i~-ihli,
in the pattern indicate a high degree of crystalin 11WpCrfectton.
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The graphoepitaxial silicon films have an irregular surface roughness with amplitude of sev-

eral 10 nm and minimum period typically Z 50 lim. In addition, there are intersecting micro-

cracks, with separation ranging from tens of micrometers to -1 mm. These microcracks tend

to lie along major crystallographic directions, particularly (<t10. We believe these cracks are

due to stresses induced by laser crystallization. Fewer microcracks form if the substrate is

heated to a few hundred degrees centigrade during laser crystallization.

Because of surface roughness and microcracks, we did not attempt to fabricate devices or i
make Hall mobility measurements on this material. We have, however, measured sheet resis-

tivity. Amorphous silicon films 0.5 tm thick on top of surface gratings were doped by ion im-

plantation with boron or phosphorus prior to laser crystallization using four different ion ener-

gies in order to achieve a nearly uniform doping of 2.4 X 10 7 atoms/cm 3 throughout the silicon

film. Subsequent laser crystallization both activated the dopant and induced uniform orientation.

Bulk silicon wafers were also implanted in the same manner to serve as controls. The phos-

phorus was Implanted at 35-9l-cm p-type wafers and the boron ,vas implanted at 30-fl-cm n-type

wafers. These silicon wafers were then annealed at 900'C for 30 mnn. Four in-line Cr/Au dots,
1.4 mm in diameter spaced 1.5 mm apart, were fabricated on the surfaces of both the grapho-

cpitaxial silicon and the control wafers enabling four-point-probe measurements to be made. The

samples of graphoepitaxial silicon showed a large variation in sheet resistance depending upon

the substrate temperature during laser crystallization. The best results were obtained on

phosphorus-implanted samples which were mounted on a heating stage held at 540'C during laser

crystallization. The sheet resistance was a factor of 2.5 times larger than that of the phosphorus-

doped silicon wafer used as a control, and the mobility of electrons In the graphoepitaxial silicon

can be inferred to be 40 percent of bulk mobility or better since surface roughness and micro-

cracks in the 0.5-pm-thtck silicon almost certainly produce scattering and reduce the apparent

mobility. M. W. Geis D. Antoniadis i

D.C. Flanders H. I. Smith
D. J. Silversmith

B. CfiARGE-COUP.EI) DEVICES: SAW ACCUMULATING CORRELATOR i
WITil CCD READOUT

3
An earlier report described an accumulating correlator in which the multiplication and

time-integration of many samples of two wideband surface-acoustic-wave (SAW) ii.puts take place

in a charge-coupled device (CCD). This report describes the physical mechanisms by which the

accumulation process takes place.

A schematic' diagram of the correlator is shown in Fig. IV-2. The CCD is coupled to a pi-

ezoelectric delay line across a gap by means of an array of conductive sampling fingers, The

SAW inputs counterpropagate on the delay line, and the cross-correlation of the two SAWs is

subsequently read out from the CCD. Electric fields accompanying the signal and reference

SAWs are sampled by the fingers and mixed by nonlinearities in the silicon substrate, and the

IX' component of the mixing products is accumulated in the ('CD. The charge in each CCD well,

therefore, represents a discrete sample of the correlation between signal and reference.

This accumulation process takes place in an RC integrator formed by the transfer gates and

the ('CD (p gates, with the nearly pinched-off transfer channel forming the resistor and the (p

well forming thw accumulation capacitor. Mixing action occurs in the varactor-like nonlinearity

of the drain region of the bias transistors, and the product of reference and signal SAWs accu-

mulales in the RC integrator to produce the desired correlation betwecn signal and reference.

t
, i



BIAS BUS - - -; VARACTOR

BIASGATE SAW-- I~O
SAMPLING DELAY

FINDERS LINE

SIGNAL REFERENCE

SIGNAL GATE - r' - "~ro--J4=j{:- --- *,,, v v00
TRANSFER) ________VA____V00_

GATES ~ DDD----DEE

DIODE 
OTU

INPUT 300 CELL CCDOUPTI
GAE SHIFT REGISTER OUTPUT

1 t GATE

Fig. IV-2. Schematic diagram of the SAW/('CI) accumulating correlator.

The accumulation process is strongly dependent on the bias voltage applied to the gate control-

ling the nearly pinched-off integrating channel. As a result, this gate must be biased by a stable

DC voltage source to set and maintain the h time constant, and appropriate clock waveforms

applied to an intermediate transfer gate must be used to properly sequence the device.

Operation of the accumulating correlator with a stable potential on the integrating channel

has enabled us to increase the linear accumulation time to 10 msec, but with low dynamic rr.nge.

The dynamic range is limited by fixed-pattern noise, mu'h of which is signal independent and

can be compensated by adequate processing of the ('CID output. One possibility is to store and

delay the fixed-pattern noise in a CCI) analog delay line and subsequently subtract it from the

output signal. We are also studying the causes of the fixed-patern noise and exploring ways to

minimize it in order to realize the full signal-processing advantage provided by the 2 X 10 5 time-

bandwidth-product waveform. A self-correlation effect (Important in the presence of CM jam-

mers) also exists which is caused by multiple internal reflections within the SAW delay line, a

problem that can be minimized by appropriate redesign of the SAW delay line.

1). L,. Smtayhe
It. W. lRaiston ,

C. CIIARGE-COUPLE') I)EVI('ES: Ni L.TIPIYING I)/A CON\,ERITER

A multiplying, digital-to-analog converler (MI)AC) of novel design, which uses capacitance-

weighted ('Ci) inputs, has been implemented using buried-channel ('C) techniques. Thc device

is (apable of high-speed, low-power operation, and can be integrated on-chip with signal-

processing ('CI)s such as transversal filters. This latter I'ivature is important for CCD filters

such as the cirip-z transform 4 or : ystems wiher the ('Cl) must process digitized signals.

A photomicrograph of the MlI)A(' chip is shown in Pig. IV- 3. Each chip incorporates two

complete dev ices, ident ical ''\cept that the two input gates (labeled Ot andl V. in P.ig. IV-4) are

surface channel in device "S" and buried clannel in device "B". ThIe devices with surface-

channel inputs are part of' a p.,' )gramn to (valuate tie possibility of reducing fixed-pattern noise

Ci
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Fig. IV- 3. Photomicrograph of the MDAC
chip. Each chip incorporates two com-
plete 8-bit D/A converters; the devices
are identical except that the one labeled
'tI" uses surface-channel input gates, and3
the one labeled "B" uses buried-channel
input gates.
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in buried-channel CCDs by using surface- channel inputs. 5Each MDAC consists of eight paral-

lel (Ci) channels with binary-weighted input-gate capacitances for 1)/A conversion of 8-bit words.

An input tech-nique similar to the one for our previously reported programmable transversal

filter was used. 0A schematic of the device is shown in Fig. IV-4. The input diode level of each

channel is controlled by thle corresponding bit of a digital word, When the digital input is a 11011,

the diode is at a low level and a charge packet can be transferred to the CCDi)s summing node.I'The amount of charge transferred in the i th channel, QV, is determined by V~a tile analog mul-
tiplyirig signal applied on the signal gate, according to the following equation:

C 128 (J" i 2..
2 -Imitiin P

whetre C is the input gate capacitance of the least significant bit, a is the i th bit of a digital

4& ,,rird, and V, is a fixed refecence voltage. When the digital input is a "I" and thle input diode is

at a li<,h level, no chlarge can be transferred. The output of the eight parallel channels are sumi-

mied in thle -ha rge domain, and the analog output is detected nyv floating diffusion output circuitry

and an on -chip, two- stage bource folloii ei . Since the devi(c c will accept digital inputs directly

fromt a TTI, .source -'hen the substrate is iaoed, no TTI.-to- NI(S buffer is needed.

The Nil \( was tes t,l by (ligitizvilg an 8-kly sine wvave to 8-bit accutracy and applying the(

resulting dig~ital signal to the 'jevire' s input diodes at a i-M12 l digital-woddt ae h

ni tlt iplY ing Vignnl'Vfor this *,-'st a ais a 1.4 -kii'7 sine waxe. The mu Llt iplying ,,ignal and thle
-1t1"Jog ou tpult sif anal fromt tile Nml) \Ca*shown inI Vig. IV - and demntst rate the e'xcellenut lini-

va rity of the device ,

I 1. E:. Blurke

fr'on thlt WI)X( N01-1'u alh- I'll" %NIi\ 1, i, (h Ii ' i -I it a, tir ( %, adI 'dL;j ]'ll1,a pidt h 11)1 o w \1 n
11tilpled 1% 11 .-11/ IIo %% , .Of 1,1



Ilc~ aiiw Il.X a-, a Iigh"iel electron-carti. er mitx' than 'Ii con to jield of 10 i

(Hlef. 7), (;aA, integrated , ircmi ate (xpc( cd it) opcrate at - nniderahI\ hifghvi frequtent. 1-,.

A theoret i~.a! anal vsi: , and an e\per tontal I iara tor'i /all On of ( ;,.\, ( (I ) ace hel og pet I ormed

to undlcrstandl and capitalize onl the, e"pek tedi ttih- poed perforwance of these dex ices. We de-

scribe heiere thle rc~u Its of our' initialI experimiets, x~ ih spet ia]I em ph as is aiven to the~ ( te~~ign,

fabrication, and] testing of the first 2-phase GaAs CCI) to be reported.

Fabrication tec hnique, have been dle% eloped for both I- and 2-phase GaAs CCIDs. A 3-phase

GaA., ( C(1) iN shm~xn in F ig. IV-(,. The ;(-hottk%- barrier gates for input, output, and charge trans-

fer as weoll a-; input and] output ohimic tontacts are contained in the 3-phaqe CCI). A cro'o5v0'Ci

te('hnologx, usings plasnma-depoaited -)13 N4 is necessary in order that all three phase., be a( ces-

sible, through pecripheral bonding pads. A cutaway representation of the 3-phase (VD) is s;howit

in Pig. R' -7 x~ ith thiv ' i 3 N4 passivation on;i tted. The de% ices N crc fabricated in an ti-opu aver,
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on a Cr-doped semi-insulating substrate. This structure provides buried-channel operation with

charge residing in the epilayer near the epilayer/substrate interface. The semi-insulating sub-

* strate provides a low stray capacitance with the resulting fast clocking capability.

The Schottky barriers were formed by evaporating Ti-Au and etching 2- ±m gaps using stan-

dard photolithography. Ohmic contacts were made by evaporating and alloying Ni-Ge-Au. A

250-keV proton bombardment with a fluence of 1014 cm - 2 converted the GaAs surrounding the

active CCD to semi-insulating material to provide charge confinement. The back side of the

wafer has a Ti-Au ground plane to provide contr6l of the potentials in the depleted regions of the

epilayer.

The potentials necessary for charge transfer in the 3-phase CCD are produced by clock volt-

ages applied to each phase. Charge is injected with the fill-and-spill technique, whereby the

input diode is pulsed to allow electrons to pass over the barrier formed below the first input gate

and to fill the well below the second input gate. This charge packet is then transferred when

phase one of the CCD rises to Its highest potential. Two off-chip GaAs MESFETs are used in

the output stage, where one PET acts as a reset device and the other as a follower. This 3-

phase device was tested at 100 kHz and had a charge-transfer efficiency of 0.99.

In order to overcome many of the problems inherent in 3-phase GaAs CCDs, a 2-phase CCD

technology was developed. A picture of a 2-phase, 33-transfer-gate device is shown in Fig. TV-8.

|A

Fig. WV-8. A a-phase GaAs CCD.
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The same material, Schottky barrier input, output, and transfer-gate structure and proton-

bombarded channel-stops are used as in the 3-phase CCD. However, three distinct differences

in the 2-phase device provide several advantages over the 3-phase version. First, the need for
a crossover technology has been eliminated. Second, the problems associated with producing
submicrometer gaps between electrodes by photolithography have been eliminated. Third, a

2-phase device makes clocking the CCD simpler as discussed below.

The key to the Z-phase operation of this device are the etched steps (Fig. IV-9) in the GaAs

which form potential barriers in the bulk. These steps provide unidirectional charge flow during
2-phase operation. Instead of using three different clock voltages as in the 3-phase structure,

two barriers in each cell are produced by the difference in epilayer thickness below the transfer
gates. Figure IV-10 shows the one-dimensional electron potential for an empty well of a CCD

KKRUT GATE I

OHIC CONTa I INPUT OU~TPUT GAT! t
01. Oi~deI 011 2 ... OHIC CONTACT

.' n-PILAYER2l

SEMI-INSU.ATmG PROTON SOM EMO
SUBSTRATESEiIINSULAATING"SRAE HNNEtL STOP [

GROUND PLANE

Fig. IV-9. Cutaway representation of a 2-phase CCD.
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Fig. TV-0. One-dimensional empty well electron potential for two
different epilayer thicknesses: (a) thicker epilayer and (b) thinner
epilayer.
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for two different epilayer thicknesses. It is assumed in Fig. IV-10 that zero volts is applied to

the Schottky barrier, that the epilayer is depleted of charge, and that the back of the wafer is

grounded. Because the epilayer thickness, xd, is much less than the substrate thickness, t, there

is a scale change in Fig. IV-10 at the interface in order to show the epilayer potentials more

clearly. The peak potential is higher for the thicker epilayer than the thinner epilayer. This

difference in peak potentials produces the lateral electric fields necessary to transfer charge

and provides the barrier to charge flowing backward.

These potential steps allow the clocking of the CCD with 2-phases. By applying different

voltages to phase I and phase 2, four potential levels are produced inside each cell of the CCD.
Two different clocking schemes can be used to transfer charge. One scheme is 2-phase clocking,
where both phase I and phase 2 have oscillating voltages. The position of the deepest well, and

thus the charge packet, moves from the area below phase 1 to below phase 2, and then again below

phase 1 transferring charge in one direction. Alternately, one phase can be held at a constant

voltage with the other phase oscillating above and below that level (uniphase clocking). This

method simplifies clocking by requiring one less input signal, but can only handle one half the

charge packet for an equivalent clock voltage swing. Sine-wave clocking, which is expected for

1-GHz clock waveforms, can be used in both cases.

The technique fir forming submicrometer gaps between electrodes without photolithography

can be understood from the cutaway representation of the 2-phase device in Fig. IV-9. Each

transfer electrode covers both a thin and thick region of the epilayer. Evaporation at a 45 o angle

provides continuity on one side of the raised GaAs and a shadowed gap on the other side. The
GaAs epilayer thickness difference of 0.5 i m (produced by chemical etching) causes a gap of

approximately 0.5 ijm for these evaporation conditions.

The performance of a 2-phase CCD operated with uniphase clocking is shown in Fig. IV-1i.

Thirty pulses are inje(ted into the CCD (shown on the lower portion of Fig. IV-iI) and are

Fig. IV-Il. Results obtained from a 2-phase CCD using uniphase clocking.

+ LThrt inpu pussaeson on .... lowe trce wihhecrrspndn

.4,
output In the top trace. The pulses are delayed by 16.5 clock cycles due
to the 33 transfer gates of the CCD.
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delayed by 16.5 clock cycles because of the 33 transfer gates of the 2-phase CCD. The output

pulses are the upper trace of Fig. IV-1l. The transfer efficiency is 0.993 from I to 10 Mz.

The test setup and the off-chip detection stage did not permit measurement above 10 MHz. The
transfer inefficiency is attributed to traps in the active epilayer, traps in the semi-insulating

substrate near the epilayer interface, and leakage current in the Schottky barriers. Using deep-

level transient spectroscopy, a study of the trapping mechanisms Will be performed to model

the transfer characteristics more accurately. Eliminating trapping centers requires both higher

quality substrate material and techniques to grow higher quality epilayers free of high concen-

trations of deep traps.

Another generation of devices is being designed to extend the frequency of the 2-phase CCDs

closer to 1 GHz. The cell area of these devices will be 25 percent of the present cell size with

a length and %iAdth of 20 and 100 Ian, respectively. The gate capacitance should be reduced by a

factor of 4, thereby reducing the power requirements of the clock driver circuitry as well as

increasing the clock frequency. One difficulty with the present structure is the large step height 3

in the GaAs which produces a well voltage (potential difference under each electrode) of approx-

imately 5 V. Thus for uniphase operation the clock voltage must swing through at least 10 V1

which Is difficult to achieve at frequencies near I GHz because of the large capacitance of the

Schottky barrier gates. Therefore, the next generation CCD is being designed with slightly lower

epilayer doping and thickness to produce well voltages closer to 2 V. This will mean smaller

charge packets, but by including the output circuitry on-chip the output node capacitance will be

significantly reduced, and a reasonable output signal should be achieved at gigahertz clock rates.

G. L. Hansell

E. HIGH-FREQUENCY CONSIDERATIONS IN SEMICONDUCTOR DEVICES

The physical principles which are used in modeling electronic devices must be continually e,

scrutinized as the size of the device decreases or the frequency of operation increases. This

is especially true for high-mobility materials such as GaAs and InF, which are commonly used

for millimeter-wave applications, where the basic transport mechanisms are altered for sub-

micrometer devices and for frequencies above 10 GHz.

The underlying physical events which govern transport properties are electron-phonon in-

teractions, impurity scattering, alloy scattering, Intervalley scattering, and contact phenomena.

The basic scattering mechanisms in bulk semiconductors have been studied for the past de-

cade 8 -1 0 but with the exception of the Gunn device there has been little consideration given to

these mechanisms in device design. What is particularly useful for the device designer is a

comparison of the mean free paths which result from considering each scattering mechanism

individually. Figure IV-12 shows the important scattering events for n-type GaAs, where the mean

free path is shown as a function of electron energy in the lower (r) valley. The mean free paths

were calculated from expressions for the collision frequencies used in Monte Carlo simulations

of bulk semiconductors. 8 1 0 The polar optical phonon is the dominant intravalley scattering

mechanism in lightly doped GaAs for small electron energies. At higher energies nonequivalent

intervalley (r -X) transfer to the upper valley dominates. The mean free path for Impurity

scattering is not greatly affected by the doping density. The mean free paths for the upper (X)

valley are shown in Fig. IV-13. The polar optical phonons again dominate at small energies.

At higher energies the equivalent intervalley (X -X') scattering is the dominant process. Current
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experimental evidence indicates that the lowest upper valley may be of L symmetry with the X

valley just slightly higher in energy. This does not significantly alter the transport properties

of GaAs or the general picture shown in Fig. IV-13.

The mean free path only gives a partial picture of the scattering process since some of the

collision events are not isotropic. Polar optical phonons and impurity scattering are both pre-

dominately small angle scattering events and hence less effective in changing the electron mo-

mentum. In order to calculate the mobility of a materlaA both the mean free path and the scat-

teriug angle distribution must be considered. Figure WV-14 shows the momentum relaxation

distance as a function of energy for impurity scattering and for the polar optical phonons. Notice

that the doping density has a pronounced effect on the momentum relaxation distance.

|O~bOOP I I ..... , I I I

IMPURITY SCATTERING

100 cm

LOWER VALLEY (In

t I Ia I I" " o' I'

0 0.2 0.4 0.6 0.6 t.O

ELECTRON ENERGY C@V)

Fig. IV- 14. The momentum relaxation distance for polar optical phonons
and Impurity scattering in the lower valley for GaAs.

The basic scattering mechanisms can now be averaged over an electron distribution function,

such as a displaced Maxwellian, and used in device modeling equations. The most useful param-

eters for device modeling are the energy and momentum relaxation times which can be easily

calculated from the mean free paths, the phonon energies, and the scattering angle distribution

functions. In general, the energy and momentum do not relax at the same rate, which leads to i

many important effects in small and high-frequency devices such as velocity overshoot.

Mv.E. Elta1
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V. ANALOG DEVICE TECHNOLOGY

A. A SAW CHIRP-TRANSFORM SYSTEM FOR UPLINK DEMODULATION

OF FSK SATELLITE COMMUNICATION SIGNALS

In certain satellite communication systems it is advantageous to demodulate many signals

simultaneously on board the satellite. An example is the multiple uplinks from simultaneous

users. A compact, low-power, high-speed satellite-borne uplink demodulator which exploits

the capabilities of reflective-array compressors (RACs) configured as SAW chirp-Fourier-

transform circuits to demodulate high-chip-rate frequency-shift-keyd (FSK) signals from a

large number of users has been developed.

The demodulator is designed to process 4-ary FSK signals. In this mode each user is as-
signed a separate set of four frequencies and transmits on one of the assigned frequencies dur-

ing each chip interval as determined by the desired information to be transmitted. Signals for

successive chips are assumed to be incoherent. During each chip period, the demodulator must

measure the energy in each of the four frequencies assigned to each user. These measurements

are combined over several chips, and a maximum-likelihood symbol decision is made.

In the intended application, each of 100 users would employ 4-ary FSK modulation. The

400 possible frequencies have a 38-kHz spacing, thus covering an overall 15.2-MHz bandwidth.

This chip period is 50 Rsec. These parameters are well matched to the capacities of SAW RAC

devices.1

The overall form of the chirp-transform2 "5 demodulator is shown in Fig. V-1. The system

is a pair of convolve-multiply-convolve (C-M-C) uir',uiis connected in parallel. The parameters

of the individual RAC devices are summarized in Table V-i. Typical signals are indicated at

several points in the circuit. The input is a sum of 50-sec gated-CW signals. They are de-

layed according to their frequency by the differential delay (RAC 1), with the high frequencies

delayed the least. An RF impulse is applied to the expander (RAC 2), and the expander output

is a down-chirp waveform. This single down chirp is mixed with the delayed input signals to

yield a series of down chirps in the lower sideband of the mixer output, one down chirp for each

input signal. The down chirps all cover the same frequency band, but they are delayed in pro-

portion to the input frequency. The down-chirp waveforms are compressed by the compressor

(RAC 3) and produce a series of pulses, one for each input. The amplitude of each pulse is

proportional to the amplitude of the corresponding input signal. The log of the compressed pulse

* envelope is sampled by a sample-and-hold A/D at times corresponding to the assigned frequen-

cies. These samples are pa-sed to the digital processor for chip combining and symbol de-

cislons. It should be noted that the down chirp out of the expander is longer than the analysis

time. It is therefore necessary to ping-pong two expanders to analyze 100 percent of the time.

In order to rcjeet u.--cf-band interference, a bandpass filter is required at the demodulator

input. Figure V-2 shows the amplitude response of the RAC device developed for use as the

initial differential delay line shown schematically in Fig. V-I. The device has a very square

bandpass response which is well matched to the band of desired frequencies. It is difficult to

obtain a filter with as low a shape factor by other means. This feature of RAC devices has been

previously exploited in a variable-bandwidth filter. Thus, the differential delay line in Fig. V-I

serves two functions, bandpass filtering and dispersive delay. For measurement of spectral

4
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Fig. V -Z. Amplitude response of differential delay line 11AC.
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power density, specifications on the phase response of this device are relatively loose. On the
other hand, the RAC must have good triple-transit suppression to minimize intersymbol

interference.
In the C-M-C configuration, weighting (windowing) for sidelobe suppression may be incor-

porated in the compression filter. Thus, this device also serves a dual function. Typical phase
errors in RAC devices yield a structure of near-in sidelobes which is accurate down to a level
about 35 dB below the mainlobe. This is adequate for the intended application. Furthermore,
RAC devices yield particularly good suppression of far-out sidelobes, an important considera-
tion in reducing crosstalk in a nearly filled band of frequencies.

10-MIDBAND
~INSERTION

i-

140 145 150 155 160

FREQUENCY (MHz)

Fig. V-3. Amplitude response of RAC compressor.

The first series of RAC devices has been fabricated, individually evaluated, and inserted in
a preliminary version of the actual electronic system. Figure V-3 shows the weighted amplitude
response of the RAC compressor. The response is quite close to the specified Kaiser-Bessel
weighting. The response of the differential delay line was shown in Fig. V-2. The first cut at V
the expander design yielded devices with a response that was slightly tilted (<2 dB) across the
operating band. Prior experience with RAC devices indicates that, with further design inter-
ations, increasingly improved phase and amplitude response will be achieved in subsequent
devices. -

The crosstalk performance of the demodulator is directly related to the choice of window J4
7function and the phase and amplitude accuracy of the RAC devices. The precision of these de- _N

vices yields good overall performance. A preliminary result is shown in Fig. V-4. Here a
single test frequency is entered, and the output of the SAW chirp transform is displayed on an

oscilloscope. Figure V-4 demonstrates the ability of the demodulator to suppress far-out side-
lobes. This ability of a RAC device to suppress far-out sidelobes is enhanced by a geometric
effect.8 "Squared-off" reflector arrays add cosine-squared tails to the initial Kaiser-Bessel
weighting on the RAC groove depth, thus yielding a significant reduction of far-out sidelobes as
compared to a sharply truncated Kaiser-Bessel impulse response. A few microseconds away
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from the main pulse (corresponding to approximately 10 adjacent possible FSK frequencies) the

sidelobes fall off rapidly to a level below -60 dB. The display is limited by the dynamic range

of the logarithmic amplifier. Figure V-5 shows the character of the near-in sidelobes, which

are within a few decibels of the theoretical value for the Kaiser-Bessel window employed.

The ability of the demodulator to measure the spectral energy at closely spaced frequencies

is shown in Fig. V-6. Here two equal-amplitude signals separated by the specified spacing of
38 kHz are processed by the demodulator. At the peak of each of its corresponding outputs,
the measured spectral energy for one signal is relatively unaffected by the presence of the adia-

CP202-2973

A i .... n

At' ,I- MAW CuoP UIANstmia

Fig. V-7. The brassboard SAW chirp transform system.

Aweight- and power-efficient FSK demodulator, shown in Fig. V-7, has been di-4igned whichtakes advantage of the characteristics of SAW chirp-Fou rier-transform ste. "

take advntag of he caracerisics f SA chip-Foriertranfor iruiia to process high-

data-rate signals from 100 simultaneous users. The demodulator incorporates data windowing,

which provides substantial rejection of inter-user crosstalk. The capabilities of the demodula-

tor are likely to have a major effect on the design of future satellite-communications systems.

V. S. Dolat R. R. Rhodes (Group 69)
R. C. Williamson D. M. Boroson (Group 69)

B. WIDE-BANDWIDTH ACOUSTOELECTIIC CONVOLVERS

The use of the high-performance acoustoelectric convolvers as programmable matched

filters9 , 0 provides a large instantaneous signal bandwidth and allows the encoding waveform to

be changed from bit-to-bit. The changing waveform, in turn, provides resistance to repeat

jamming, enables secure communications and yields improved performance in the presence of

multipath. This report presents (1) the results on shock and vibration tests performed on gap-

coupled acoustoelectric convolvers,I t (2) results on convolvers with input bandwidths of

200 Mtiz, I and (3) projections on the range to which acoustoelectric convolver performance

can be extended.
-12
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TABLE V-2

VIBRATION TESTS* OF DPSK ACOUSTOELECTRIC CONVOLVER

(a) ON Vibration Test

Vibration Frequency Range 5 to 2000 Hz

Mlaximum Acceleration 109

Time Duration 3 hr/axis, 3 axes

(b) Random Vibration Test

Vibration Frequency Range 15 to 2000 Hz
RMS Acceleration 16.4 g

qTime Duration I hr/axis, 3 axes

(c) Shock Test

Maximum Acceleration 409g
Shock Time Duration I1I miec

Number of Shocks 6 shocks/axis, 3 axes

*These tests are consistent w!ih miitaiy standard for aircraft,
Jeep, and tracked-vehic,'o equipmenw.

08 NO 1695

08

01
U i l I I I I U II I II sI III I

0 10 100 1000 2000

VIBRATION FREQUENCY (Hr)

Fig. V -8. Acoustoelectric convolver performance during CW vibration test.
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1. Shock and Vibration Tests

The basic structure of the acoustoelectric convolver developed at Lincoln Laboratory1 0 con-

sists of a lithium niobate (LiNbO 3) delay line separated from two narrow silicon strips by an air

gap of about 0.45 tm. An array of rails1 3 which have been ion-beam milled into the surface of !

the LiNbO3 supports the silicon. A unique mechanical structure employing a series of beryllium-

copper springs maintains a gap uniformity of *0.02 &m over a wide temperature range. The

structural ruggedness of these devices has recently been demonstrated by a series of dynamic

shock and vibration tests on a convolver having a silicon interaction length of 22 sec

(7 cm) (Ref. 10). These tests are consistent with military specification (MIL-STD-810C) for

aircraft, jeep, and tracked-vehicle radio equipment. The dynamic tests, which consisted of

(a) a CW vibration test, (b) a random vibration test, and (c) a shock test, are summarized in

Table V-2. Input and reference signals at levels of +7.5 and +18 dBm, respectively, were

used for the dynamic tests. The signals were pseudonoise (PN) encoded with 1024 chips/1 i-Lsec

bit. The correlation peak of this PN code was monitored at the convolver outputs throughout

the tests. Figure V-8 is a plot of the convolver output power vs CW vibration test frequency.

No serious degradation was observed during the dynamic tests. In addition, the frequency re-

sponse and interaction uniformity of the device were measured before and after the dynamic

tests, and no degradation was observed.

2. 200-MHz Bandwidth

To achieve the 200-MHz convolver bandwidth, delay lines with center frequency of 500 MHz

and fractional bandwidth of 40 percent are employed. The delay line insertion losses, measured

at 500 MHz, are 27.5 and 32.5 dB, respectively, before and after the silicon is mounted. The

conversion efficiency, or F-factor, is used for convolvers in the same sense as for mixers and

other parametric devices. Plotted in Fig. V-9 are the F-factors of the two convolver outputs

(ports 3 and 4) and the sum (M) of the two through a 0* to 180" hybrid as functions of frequency

for gated-CW inputs. All of these outputs reflect a 3-dB input bandwidth of 200 MHz. The

F-factor out of the sum port is -77.5 dBrr, at 500 MHz, which is in very good agreement with

the theoretically predicted value of -77 dm. Also, the F-factor measured at a temperature

of 60°C is only degraded 1.5 dB with respect to the F-factor at room temperature, a temperature

insensitivity that is predicted by theory.

OUTPUT FREQUENCY (MHz)

700 800 900 1000 1100 1200 1300I I I - '

& NO 1566

GAP * 3500A
SILICON - 3011-cm -

BW 2OMHZ P3

;- , * Fig. V-9. Output frequency response of
E wideband convolver. The two output ports

are labeled P 3 and P 4 while the sum port
P, CONVOLVER of the 0' to 180" hybrid is labeled P- 1.
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The total output power of the convolver as a function of input power levels is shown in
Fig. V-10. The output power PZ in decibels above I mW is plotted as a function of the sum of

the two input power levels Pi and P2 . The two inputs were equal in power during this measure-

mer... Note that the output is linear with input power up to levels of +18 dBm, at which point

I -dB compression in the F-factor is observed. The output power at the I -dB compression point

is -42 dBm. A dynamic range of 46 dl3 above kTB is observed. However, as indicated by

Fig. V-10, the saturation is soft and a higher compression point may be acceptable in certain

applications.

The CW self-convolution spurious output is down 35 dB from the actual convolution. This

is consistent with the expectation that the suppression in CW self-convolution is approximately

equal to the delay line loss of the device. Uniformity scans of the two interaction regions are

shown in Fig. V-i. Notice that the amplitude fluctuates by less than *1/2 dB. The designed

and measured values of the convolver characteristics are summarized in Table V-3.

TABLE V-3

CHARACTERISTICS OF WIDE
BANDWIDTH ACOUSTOELECTRIC CONVOLVER

Expected Measured

Bandwidth 200 MHz 200 MHz

Interaction Length 12 psec 12 psec

F-Factor -77 dfm -77.5 dBm

Interaction Uniformity 11.0 dB *0.5 dB

Maximum Output Power* -41 dBm -42 dBm

Dymanic Ranget 47 dB 46 dB

F vs Temperature -77/-78.5 dBm -77.5/-79 dBm
(20/600C)

Input and Output VSWR <5:1 <6:1 1

Input/Output Isolation >60 dB 60 dB

Output/Output Isolation >30 dB >40 dB

Convolver output power at 1-dB compression.

t Maximum convol ver output power vs thermal noise
floor at -88 dBm.

3. Device Projections
- 10,11,13

Whilethe current DPSK convolverprovides impressive signal -processing performance, 01.

it is worthwhile to project the range to which device performance can be extended. In consider-

ing the limitations in convolver performance, the following two figures of merit usually are suf-

ficient for determining system applicability: (a) processing gain, which is ideally equal to the

time-bandwidth prduct and (b) dynamic range, which is the difference between the maximum

output power and the thermal noise floor (or the maximum spurious level).
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In designing acoustoelectric convolvers there are clear trade-offs between the fractional

bandwidth, center frequency, and interaction length. The internal efficiency factor M is in-

versely proportional to both operating frequency and interaction length. Additional loss in the

output circuit can be incurred when the electromagnetic length of the silicon is greater than one-

quarter wavelength at the output frequency. For devices having short to moderate processing

times, the maximum output power is determined by the saturation level of the nonlinear mixing

interaction in the silicon. In this region, the acouscic efficiency of the SAW delay line may not

directly affect the device dynamic range. On the other hand, for devices having relatively long
processing times the maximum output power is often limited by acoustic s,.ituration of the SAW
delay line; here the device dynamic range is limited by both the delay line response and overall

conversion efficiency (F-factor). Lased on the theoretically predicted convolver performance

(which has been proven to agree within 2 dB with measured data for a wide range of devices)

along with the measured data on the saturation levels up to 500 MHz and their extrapolation be-

yond 500 MHz, a time-bandwidth plot of projected air-gap coupled acoustoelectric convolver

performance along with some experimental data points is constructed in Fig. V-12. This chart

5001I
'4 4

40-418 D Z LiNbO5  '4 '

300 \
\ \ 50-d DR\- LiNbO5  '4 %
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Pig. V-12. Time-bandwidth limitations of acoustoelectric ('onvolvers.

is useful in projecting potential device application. Maximum fractional bandwidths of 45 per-

cent were assumed for the devices with lithium niobate delay lines and 15 percent for the de- f
vices with bismuth germanium oxide (BGO) delay lines. A fractional bandwidth of 48 percent

(at an input center frequency of 500 Mlz) was recently demonstrated with a Si-LiNbO3 convolver.
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The processing times were limited to 50 gcc (80 Rsec), which is consistent with LiNbO 3 (BGO)

substrates having a maximum length of 8 (6) in. From this projection, we find that an acousto-

electric convolver with a processing gain of 37 dB and a dynamic range of 50 dB can be realized.

Because of their compactness, ruggedness, and signal-processing power, convolvers will likely

find wide application in future spread-spectrum communicatiGn systems.

I. Yao
S. A. Reible
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